The joint interpretation of seismic and geodynamic data requires mineral physical parameters linking seismic velocity to density perturbations in the Earth's mantle. The most common approach is to link velocity and density through relative scaling or conversion factors: R ρ/s = dlnρ/dlnV S . However, the range of possible R ρ/s values remains large even when only considering thermal effects. We directly test the validity of several proposed depthdependent conversion profiles developed from mineral physics studies for thermally-varying properties of mantle materials. The tests are conducted by simultaneously inverting shear wave traveltime data and a diverse suite of convection-related constraints interpreted with viscous-flow response functions of the mantle. These geodynamic constraints are represented by surface spherical harmonic basis functions (up to harmonic degree 16) and they consist of the global free-air gravity field, tectonic plate divergences, dynamic surface topography and the excess ellipticity of the core-mantle boundary (CMB). The tests yield an optimum 1-D thermal R ρ/s profile that is generally compatible with all considered data, with the exception of the dynamic surface topography that is most sensitive to the shallow upper mantle. This result is not surprising given that cratonic roots are known to be compositionally-distinct from the surrounding ambient mantle. Moreover, it is expected that the temperature-dependence of the thermal R ρ/s in the upper mantle is significant due to the temperature-dependence of seismic attenuation or Q. Therefore, a simple 1-D density-velocity relationship is insufficient. To address this problem, we obtained independent estimates of the first-order correction factors to the selected R ρ/s profile within the cratonic roots and in the ambient (thermal) upper mantle. These correction factors, defined as ∂ R ρ/s /∂lnV S , are highly negative within the cratons signifying considerable compositional buoyancy. This result confirms that the negative buoyancy associated with the low temperatures in the cratons is significantly counteracted by the composition-induced positive buoyancy resulting in near-neutral buoyancy of the cratonic roots. Within the ambient upper mantle, the correction factors are found to be positive which is consistent with the expected behaviour of the R ρ/s relationship in thermally-varying upper-mantle material. We obtain a significantly greater reconciliation of the global gravity anomalies and dynamic surface topography when applying these laterally-varying corrections compared to a simple 1-D R ρ/s relationship. Inversion for a fully 3-D R ρ/s relationship reveals secondary effects including additional compositional variation within the cratonic roots and the deep-mantle superplume structures. We estimate the relative magnitude of the thermal and compositional (non-thermal) contributions to mantle density anomalies and conclude that thermal effects dominate shear wave and density heterogeneity throughout the non-cratonic mantle. We also demonstrate the potential pitfalls of scaling a purely seismically-derived model to obtain density rather than performing a true joint inversion to obtain velocity and density simultaneously.
Thermal and compositional mantle heterogeneity

I N T RO D U C T I O N
Seismic waves are our most direct probe of the Earth's interior and tomographic images have shown the existence of significant lateral heterogeneity in the mantle (e.g. Robertson & Woodhouse 1996; Grand et al. 1997; Su & Dziewonski 1997; van der Hilst et al. 1997; Ishii & Tromp 1999; Ritsema et al. 1999; Kárason & van der Hilst 2000; Masters et al. 2000; Megnin & Romanowicz 2000; Gu et al. 2001; Zhao 2001; Trampert et al. 2004) . Over the past three decades we have gained a greatly improved insight into the structure and dynamics of Earth's interior from 3-D tomographic imaging. An outstanding issue concerns whether these images directly translate to density perturbations that provide the driving force behind mantle convection. A common assumption is that low seismic velocities are due to elevated temperatures which would imply thermallyexpanded, low-density material and vice versa (e.g. Karato 1993 ). Given such a scenario, seismically fast zones would be cold and sinking whereas slow zones would be positively buoyant and, therefore, slowly rising through the mantle.
This simplified view of heterogeneity dominated by thermal effects is clearly not correct in the portions of the upper mantle where compositionally-distinct cratonic roots reside (Jordan 1978 (Jordan , 1981 . Xenolith studies suggest that these old, stable zones extend to depths of at least 200 km in some cases and therefore occupy a significant volume of the shallow continental upper mantle (e.g. Boyd et al. 1985; Pearson 1999; Irvine et al. 2001; O'Reilly et al. 2001; Spetsius et al. 2002) . It is believed that these zones are relatively cold and depleted of iron by partial removal of basaltic components, thereby explaining their structural stability over billions of years (e.g. Jordan 1978; Shapiro et al. 1999; Forte & Perry 2000; Artemieva & Mooney 2001; Kaban et al. 2003; James et al. 2004) . The cooling/depletion scenario results in a situation whereby the negative buoyancy generated by lowered temperatures is counter balanced by the positive buoyancy created by iron depletion. The exact degree to which this thermochemical equilibrium is attained is still debated, but studies have suggested that the buoyancy generated by mass depletion is ∼40-80% of that generated by temperature variations (Forte & Perry 2000; Deschamps et al. 2002; Kaban et al. 2003) .
If the cratonic roots represent the only major exception to the thermally driven mantle scenario, it should be possible to model the remainder of the mantle heterogeneities as purely thermallyvarying. However, numerous recent studies combining a variety of constraints including shear waves, compressional waves, normal modes and geodynamic inferences have revealed that variations in temperature do not entirely account for heterogeneous features especially in the Earth's deep mantle (e.g. Robertson & Woodhouse 1996; Su & Dziewonski 1997; Ishii & Tromp 1999 Masters et al. 2000; Forte & Mitrovica 2001; Saltzer et al. 2001; Trampert et al. 2004) . In particular, seismic tomography investigations have found that bulk sound and shear wave anomalies significantly vary in character in the deep mantle which most likely violates the assertion that mantle heterogeneity is of purely thermal origin (Robertson & Woodhouse 1996; Su & Dziewonski 1997; van der Hilst & Kárason 1999; Masters et al. 2000; Saltzer et al. 2001) . Additionally, long-wavelength tomographic studies including normal mode splitting functions have concluded that some seismically imaged velocity anomalies are not strongly correlated with density perturbations throughout much of the deep mantle and may in fact be negatively correlated in some cases (Ishii & Tromp 1999 Trampert et al. 2004) . It has thus been argued that compositional variations are not necessarily isolated to specific regions such as the seismic D layer or superplume structures, but could persist throughout a large portion of the mantle. Although it is clear from these studies that compositional heterogeneity exists in the deep mantle, an outstanding issue concerns whether the primary contributor to overall mantle buoyancy are thermal variations or whether these contributions are overshadowed by the effects of compositional variations.
The density perturbation field and the relative contributions of temperature and composition on this field are difficult to determine on the basis of seismic data alone. However, combining seismic body waves and a variety of mantle convection-related geodynamic constraints into single joint tomographic inversions has the potential for providing a more detailed and reliable mapping of density perturbations (e.g. Forte & Woodward 1997; . Our most recent joint inversion studies (Simmons et al. 2006 found that a positive correlation of shear wave velocity and density perturbations throughout the lower mantle was most favourable. In addition the density-velocity scaling factors used in each of these studies fell within the expected range for purely thermal effects implying that shear wave velocity and density heterogeneity are primarily affected by temperature variations throughout the mantle. These findings differed from recent long-wavelength solutions (Ishii & Tromp 1999 Trampert et al. 2004 ). However, parameters derived from mineral physics that relate seismic velocity to density, namely R ρ/s = dlnρ/dlnV s , were not fully explored in our previous work since this was not the primary objective of the investigations.
In this study, we directly employ a wide range of radiallysymmetric profiles of R ρ/s where density perturbations are initially assumed to be purely thermally-induced in both the non-cratonic upper mantle (Cammarano et al. 2003) and lower mantle (Karato & Karki 2001 ) rather than assuming a single profile or an independent geodynamic inference of the density-velocity scaling. These values are then integrated within the framework of simultaneous inversions of shear body wave constraints and flow-induced geodynamic observables. The overall objective is to identify the mineral physics parameters most capable of explaining the integrated data set and to explore the possibility that shear wave velocity and density heterogeneities are primarily products of thermal variations in the non-cratonic mantle. In this work, we present a joint seismic shear wave and density model that reconciles all the seismic and geodynamic data sets that we consider. The underlying philosophy behind our approach is to develop a model of the mantle with the least amount of non-thermal (i.e. compositional) influence needed to explain the data considered. The tomographic inversion is thus forced, at the outset, to yield thermally generated heterogeneity in the mantle and this constraint is subsequently relaxed in the joint inversion of geodynamic constraints on mantle density. We also demonstrate that, although large degrees of composition are possible in the lower mantle, the data considered do not require this to be the case when a joint inversion is performed. residuals for S, ScS, sS, sScS, SKS and SKKS phases including surface-reflected multiples and triplicated phases turning within the upper mantle (Grand 2002; Simmons et al. 2006 Simmons et al. , 2007 . The traveltimes are relative to an average TNA/SNA model in the upper mantle (Grand & Helmberger 1984) and PREM in the lower mantle (Dziewonski & Anderson 1981) . The data were corrected for crustal structure using the CRUST 5.1 model (Mooney et al. 1998) and subsequently inverted for structure using the iterative LSQR algorithm (Paige & Saunders 1982) . The mantle was parameterized as blocks that are ∼250 km in the lateral dimension and range from 75 to 240 km in thickness (22 depth layers) giving a total of 99 148 blocks. We chose to generate a smoother solution (relative to the model presented in Simmons et al. 2007 ) to better discriminate between families of density-velocity scaling profiles. This new 3-D shear wave model is summarised in Fig. 1 and will subsequently be referred to as TX2008. This model will serve as a starting solution for the joint seismic-geodynamic inversion process. The data, modelling procedures, and resulting model (TX2008) are not fun- Figure 1 . Shear wave velocity models. The left column is a model produced with only seismic data considered (TX2008). The right column is a model produced via simultaneous inversion of seismic and geodynamic constraints. All values are in terms of percent velocity perturbation relative to a radially-symmetric model and the colour scales vary according to the value 'A' denoted next to each image. In the shallow depths (100-325 km), the models closely mimic known geologic features including cratonic roots (fast = blue) and mid-ocean ridges (slow = red). Possible subducted slab material is visible near the base of the upper mantle (525-650 km) and the mid-mantle where the proposed Farallon slab resides (>1 000 km depth). Note that including the geodynamic constraints in the inversion does not result in major pattern changes, but amplitude adjusments are common. The most prominent features in the middle and deep mantle are the possible subducted slab remnants (fast linear features) and the large-scale slow regions beneath the African continent and Pacific Ocean. The difference between the seismic and joint models is more evident at these depths. damentally different from previous work presented in Grand (2002) and Simmons et al. (2006) . Therefore we direct the reader to these studies for a more detailed description.
It has been shown in previous studies (see Forte 2007 , for a recent review) that mantle heterogeneity models derived solely from seismic constraints do not provide a complete fit to geodynamic data in the full range of spherical harmonic degrees = 1-16; however, considering these data sets simultaneously yields 3-D mantle models far more consistent with all considered observations (e.g. Simmons et al. 2006) . In fact, it was explicitly shown in Simmons et al. (2006) that one must perform a simultaneous inversion of seismic and geodynamic observations to properly discriminate amongst different styles of mantle flow. This crucial point also applies to discriminating between different density-velocity scaling profiles as we will show in the following sections. We have thus taken a similar approach of integrating a diverse suite of flow-induced geodynamic observables with the seismic data into a single linear system and inverting for seismic velocity and density heterogeneity at the same Figure 1 . (Continued.) time. This joint method is completely distinct from the usual approach that involves simply scaling a seismically-derived model to obtain density variations that are then used to explain geodynamic observations.
The geodynamic constraints we employ include a range of convection-related surface observables such as the free-air gravity field from the EGM96 geopotential model (Lemoine et al. 1998) and the divergence of the tectonic plates from the NUVEL-1 plate velocity model (DeMets et al. 1990) . We also employ the dynamic surface topography estimated by removal of the crustal isostatic topography signal (Forte & Perry 2000) , which is arguably the least robust constraint considered. However, dynamic topography of the surface is important to include since it effectively limits the range of possible upper-mantle density configurations needed to explain the other observations (i.e. free-air gravity and plate velocities). In addition, we consider the excess ellipticity of the core-mantle boundary observed from study of Earth's free-core nutation processes Mathews et al. 2002) . These studies have concluded that there is a ∼400 metre excess (i.e. non-hydrostatic) bulge of the CMB along the equator which is presumably a product of mantle flow. We considered the first 16 spherical harmonic degrees of the gravity, dynamic topography, and plate divergence fields. The excess ellipticity of the CMB is represented by a single, zonal = 2 harmonic.
Convection-related surface observables may be regarded as direct products of mantle density perturbations and viscous response functions, where the latter depend on the viscosity structure within the mantle. To linearly relate density perturbations to the surface geodynamic observations, we computed response or kernel functions that provide a wavelength (i.e. spherical harmonic degree) dependent numerical description of the viscous flow response of the mantle to internal point loads for each type of convection-related data (Richards & Hager 1984; Ricard et al. 1984; Forte & Peltier 1987) . The viscous flow kernels were generated for a compressible and gravitationally consistent mantle on which the plate motions are dynamically coupled to the underlying mantle flow (Forte & Peltier 1994; Forte 2007) . As discussed in Forte & Peltier (1994) , mantle flow models that incorporate rigid plate motions must include mixed free-slip and no-slip surface boundary conditions. Kernels were calculated for this mixed surface boundary condition on the basis of a radially-symmetric mantle viscosity profile derived from joint inversions of convection and glacial isostatic adjustment (GIA) data (Mitrovica & Forte 2004) . Fig. 2 shows the viscosity profile derived from the joint convection-GIA inversions and the corresponding viscous flow kernels for selected spherical harmonic degrees. Comparing the freeslip and no-slip geoid kernels, we note that the largest contribution from density anomalies in the top half of the mantle is provided by those anomalies that are efficient in driving observable plate motions. These anomalies correspond to subducting slabs below deep ocean trenches and buoyant upwellings below the mid-ocean ridges. In the bottom half of the mantle the density anomalies that Forte & Peltier (1994) for further description of the dynamic coupling of the plate motions. Dynamic surface topography sensitivity kernels for the freeslip boundary conditions (e) and no-slip boundary conditions (f). The CMB topography kernels are similarly shown (g, h). cannot drive observable plate motions (modelled with a no-slip surface boundary) provide the largest contribution to the surface geoid or gravity anomalies. At sufficiently short horizontal wavelengths (corresponding to harmonic degrees ≥ 32) we note that the distinction between free-slip and no-slip anomalies begins to disappear: both provide equal contributions to the surface geoid or gravity anomalies. The surface topography kernels show that the density anomalies that cannot drive plate motions (no-slip surface condition) provide the strongest contribution to dynamic surface topography, especially at long horizontal wavelengths (corresponding to the degree range = 2-8). At short horizontal wavelengths, the distinction between the two classes of density anomalies again ceases to be important.
The combined linear seismic-geodynamic system of equations can be written in the following compact form:
where we wish to solve for the seismic slowness perturbations (m) relative to the starting 1-D velocity model described previously. In this integrated system of equations, L is a sparse matrix of ray path lengths (seismic sensitivities) and r are shear wave traveltime residuals. G is a full matrix (861 × 99,148 ≈ 85M elements) of viscous flow sensitivity kernels where each row represents a specific spherical harmonic component of the free-air gravity, plate divergence and dynamic topography constraints (Fig. 2) . The column vector s represents the spherical harmonic coefficients of the observations normalised by their corresponding estimated standard error. The row vector c is the viscous flow response sensitivity function for the = 2 zonal harmonic coefficient describing the excess ellipticity of the CMB (e). The λ terms are scalar weighting factors and D is a regularization matrix representing a second-order digital smoothing filter with 76% of the weight applied to the lateral elements (blocks) and 24% of the weight applied to vertical elements (depth extent).
Since the viscous flow sensitivity kernels are directly related to density perturbations rather than seismic structure, we must also incorporate a linearized relationship between density perturbations (ρ) and shear wave velocity (V S ). In eq. (1), the density-velocity relationship is identified by R ρ/s which, again, is the depthdependent ratio of density to velocity heterogeneity defined by
At some mantle depths, the possible R ρ/s values range by as much as a factor of 2 even when considering thermal contributions alone (Karato & Karki 2001; Cammarano et al. 2003) . Therefore we evaluated several radially-symmetric R ρ/s profiles recently derived from mineral physics (described in the following section). Since the integrated linear system contains sensitivity kernels that vary in amplitude, a spectrum of weighting values must also be considered. The scalar value λ G is a variable incorporated to control the overall weighting of the geodynamic observations (harmonic coefficients) relative to the seismic constraints (residual traveltimes). A higher value of λ G forces the solution to match the geodynamic constraints to higher degrees and, therefore, diminishes the control of the seismic constraints on the resulting heterogeneity model (and vice versa) . Similarly, amplification of the scalar value λ CMB strengthens the control of the excess CMB ellipticity constraint on the resulting solution. For every computed solution, we forced the CMB constraint to be fully matched by using appropriately large values of λ CMB .
D E N S I T Y -V E L O C I T Y C O N V E R S I O N
We evaluated three possible depth dependent (1-D) density-velocity conversion profiles in the upper mantle (R UM ρ/s ) from a recent compilation of mineral physics parameters by Cammarano et al. (2003) . Similarly, we considered six proposed conversion profiles in the lower mantle (R LM ρ/s ) from the mineral physics study by Karato & Karki (2001) . The upper and lower mantle cases are considered independently, generating 3 × 6 = 18 possible combined 1-D scaling profiles. To simplify the discussion below, we will adopt an abbreviated nomenclature for the density-velocity scaling models. The upper-mantle models will be identified by UM# (e.g. UM2) and lower mantle models be further identified by LM# (e.g. LM5). Combined 1-D scaling profiles (upper and lower mantles) will therefore be identified as UM#.LM# (e.g. UM2.LM5).
The selected upper-mantle R UM ρ/s profiles represent the estimated full range of possible values according to Cammarano et al. (2003) . This study was focused on evaluating the temperature sensitivities of seismic velocity and density throughout the upper mantle whereas considering both anharmonic and anelastic effects as well as variable mantle compositions. Ranges of R UM ρ/s were established by considering a suite of mantle adiabats and Q S models as well as the inherent uncertainty of the mineral physics parameters. For our purposes, we wanted to start with density-velocity scaling values for Relating seismic anomalies to density perturbations. Mineral physical density-velocity conversion profiles considered in this study for the purpose of simultaneous inversion of seismic and geodynamic constraints. Each upper mantle profile (UM#) considers anelastic and anharmonic effects of thermally-varying pyrolitic material calculated along the 1 300 • C adiabat (Cammarano et al. 2003) . These upper mantle models represent the full range of uncertainty of Q S and composition. The lower mantle models (LM#) represent anelastic and anharmonic effects for thermally-varying mantle (Karato & Karki 2001) . See Table 1 for description of the parameters used for each LM profile. The upper and lower mantle models were considered independently providing 18 possible combined profiles.
proposed 'normal' mantle conditions. Therefore, we chose a set of baseline R ρ/s profiles calculated for purely thermally-varying, pyrolitic mantle material calculated along the 1300
• C adiabat (Fig. 3) . The values were averaged over our parameterized depth ranges (1 value per layer) and extrapolated to the surface layer (upper 100 km) where no values were estimated in Cammarano et al. (2003) . Model UM1 corresponds to the lowest density amplitude scaling model, UM2 is a mid-range estimate and UM3 corresponds to the highest amplitude density model within the estimated range of uncertainty for the conditions stated above. The form of the uppermantle scaling models is relatively simple with a general increase in amplitude with depth. However, due to high-pressure phase transitions (primarily in the olivine component) a sharp increase of R ρ/s is expected in the wadsleyite zone (β-spinel phase, ∼400-525 km depth) followed by a sharp decrease in the ringwoodite zone (γ -spinel phase, ∼525-650 km depth). The fundamental cause of this behaviour is the variation of ∂(lnμ)/∂(T ) for the high-pressure phases of olivine (where μ and T are the shear modulus and temperature, respectively).
It should be noted that the adopted values of the ratio R ρ/s do not include lateral compositional effects (relative to a dry pyrolite composition) nor the temperature dependence of shear wave attenuation. Qualitatively, R ρ/s is expected to decrease where the background temperature increases due to the reduction of Q S and vice versa. The possible range of values due to the change of background temperatures is demonstrated in Cammarano et al. (2003) . This effect is believed to be most significant in the shallow upper mantle where large variations in background temperature exist from one tectonic setting to another (e.g. from a spreading centre to a cratonic root zone). This situation poses some modelling challenges since, to link perturbations of seismic velocity to perturbations in density, we would have to know absolute temperature everywhere in the upper mantle a-priori. In the initial modeling stages, we do not consider the background temperature effects; however, we will attempt to directly account for these effects with additional steps discussed in subsequent sections.
It is well known that the seismically-inferred velocity jump near 660 km depth is likely due (in part) to the dissociation of the γ -spinel phase in the olivine system (Mg 2 SiO 4 ↔ Fe 2 SiO 4 ) into Mg-perovskite and magnesiowüstite (e.g. Ito & Takahasi 1989) . In addition to the olivine components, the non-olivine components existing in a pyrolitic composition (e.g. garnets) are also believed to transform near this depth range into the high-pressure perovskite phase. And, in limited pressure-temperature conditions, the ilmenite phase could also be present in the shallowest lower mantle (Vacher et al. 1998) . Indeed, there is also strong seismic evidence for the existence of these other transformations further supporting a pyrolitelike mantle composition (e.g. Simmons & Gurrola 2000; Deuss et al. 2006) . The net result of these phase transformations within a pyrolitic mantle is an abundance of perovskites in the lower mantle (∼80% volume fraction) and a lesser amount of the magnesiowüstite phase (Vacher et al. 1998) .
On the basis of these likely mineralogical phases, we selected a range of independent R LM ρ/s profiles developed in Karato & Karki (2001) for the high-pressure perovskite structure (Fig. 3) . The calculated values represent anharmonic and anelastic effects for the thermal sensitivity of the perovskite phase. For the anharmonic sensitivity, we must know the Anderson-Grüneisen parameter . We adopt a value = 4 since Karato & Karki (2001) concluded that this average value was appropriate for typical lower mantle conditions for perovskite. It is perhaps fortuitous that this average value closely resembles the values obtained for magnesiowüstite which is nearly constant with depth at lower mantle conditions. Karato & Karki (2001) argued that anelasticity must play an important role in the calculation of the heterogeneity ratios primarily because the anharmonic effects alone cannot explain seismological observations. More specifically, anelastic effects tend to decrease R ρ/s values compared to purely anharmonic effects. The actual contribution of anelasticity to the temperature derivatives is questionable (Brodholt et al. 2007; Matas & Bukowinski 2007) and may have been overestimated by Karato & Karki (2001) especially in the deep mantle. However, for the purposes of this work, we chose to adopt the treatment of Karato & Karki (2001) and save the full evaluation of deep-mantle anelastic effects for future refinements.
We consider several possible thermally-induced R LM ρ/s profiles calculated for a set of shear wave attenuation (Q S ) models (Romanowicz & Durek 2000) and a non-dimensional parameter proportional to the activation energy of attenuation (g). Specifically, we consider three possible shear wave attenuation models (Q1, Q2 and Q3) and two possible activation energies corresponding to g values equal to 10 and 20, respectively, thereby providing six possible lower Each model assumes an Anderson-Grüneisen parameter for perovskite equal to 4. See Karato & Karki (2001) for Q models and other details.
mantle cases to be considered (Table 1) . Each model assumes a single Anderson-Grüneisen parameter, , for perovskite equal to 4. See Karato & Karki (2001) for further description of the input parameter definitions and Q S model profiles. Similar to the upper mantle cases, we averaged values over our depth parameterization and extrapolated into the D region (lower ∼250 km) where no estimate was provided given abundant seismological evidence suggesting that compositional effects may play a major role (e.g. Ishii & Tromp 1999 van der Hilst & Kárason 1999; Masters et al. 2000) . However, the fundamental goal of this work is to initially attempt to attribute mantle heterogeneity to variations in temperature assuming a pyrolitic composition. Therefore, we simply extrapolated the proposed thermally-induced R ρ/s values into the D layer. The selected profiles have similar basic forms where R ρ/s values generally decrease with depth from ∼1 000 km depth to the CMB (Fig. 3 ). Based on this observation, we chose a similar abbreviated nomenclature for the lower mantle scaling models as we did for the upper mantle models. Specifically, model LM1 corresponds to the lowest amplitude density scaling near 1 000 km depth whereas models LM2-6 increase with amplitude from the lowest model number to the highest near the same depth range. A comparison of models LM1 and LM4, for example, suggests that the detailed shape of these profiles is controlled by the assumed Q S model whereas the overall amplitude is mostly controlled by the dimensionless attenuation activation energy parameter (g). This is not to say that Q S does not effect amplitude, but rather that the considered set of Q S models are relatively similar in amplitude compared to the range of g considered. Therefore the group of models LM4-6 are basically amplified versions of model group LM1-3. Within each of these groups of models, relatively minor changes in shape can be observed due to variation of Q S models.
For mantle material that may be assumed to be dominated by temperature variations, there will be significant depth variation of the R ρ/s values for all possible upper and lower mantle cases, as shown in Fig. 3 . It is therefore improper to assume, as in some previous tomography-based geodynamic models, that all thermally generated velocity heterogeneities can be scaled to density perturbations using a single scalar value. Similarly, applying individual scalar values to the entire upper or lower mantles (or both) is also not suitable. To evaluate the dynamic impact of mantle anomalies or simply compare a seismically-derived model to geodynamic observations such as the gravity field, it is necessary to consider the depth dependence of the density-velocity scaling relationship. This is true even if lateral variations in compositional contributions to mantle heterogeneity are completely ignored.
EVALUATING R A D I A L LY-S Y M M E T R I C R ρ/S M O D E L S
In the context of the linear inverse problem described in eq. (1), our approach involves finding values for the geodynamic and regularization weighting parameters (λ G and λ D , respectively) that yield equivalent seismic data fits and relative model complexity for each assumed R ρ/s profile. We define relative model complexity as
where D is a regularization matrix. The vector d lnρ joint is the density perturbation field determined by joint inversion and dlnρ seismic is the density perturbation field found by scaling the purely seismically-derived velocity model (TX2008) by the corresponding R ρ/s profile. The initial steps in the procedure were to select a scaling profile (R ρ/s ), a fixed regularization weight (λ D ) and a first guess of the geodynamic weighting parameter, λ G . Given these inputs, we then solved the system in eq. (1) for the seismic slowness perturbation model (m) and calculated the variance reduction to the seismic data and model complexity ratio (C R ). A simple optimization algorithm was used to adjust the value of λ G and iterate the inversion process until the resulting model matched the seismic data to the desired level. We chose to match the seismic data with a 93.2% variance reduction in all cases, which is almost identical to that provided by the starting seismic model (93.5%). After convergence, we assigned a new regularization weight (λ D ) and repeated the optimization procedure to find a new value of λ G . We thereby generated a series of tradeoff curves of geodynamic data fit versus the estimated model complexity. In total, approximately 1000 mantle models were produced via simultaneous inversion and their properties were subsequently evaluated. Matches to the geodynamic data for each of the 18 possible 1-D R ρ/s profiles are plotted in Fig. 4 . The data variance reductions are plotted as a function of the relative complexity of the mantle density anomalies.
Two fundamental observations can be made from the tradeoff curves (Fig. 4) . First, the upper mantle models UM2 and UM3 are incapable of satisfying the employed geodynamic constraints with model complexity levels similar to the starting model (C R ≈ 1). Most notably, we find that particularly complex models are required to explain the dynamic topography data when applying models UM2-3. Regardless of the lower mantle scaling model assumed (LM1-6), it is evident that the upper mantle model UM1 is preferred over the higher amplitude scaling profiles UM2-3 (Fig. 3) .
The second fundamental observation from Fig. 4 is that whereas there is a clear discrimination amongst upper mantle scaling models, the lower mantle models (LM1-6) show relatively minor variations in variance reduction and hence they provide less robust distinctions. The primary reason for this result is the low amplitude of the seismic perturbations in the middle of the lower mantle (and hence smaller density perturbations) in conjunction with the decreasing geodynamic sensitivity at these depths (see Fig. 2 ). In addition, the seismic constraints allow for significant amplitude variations of the seismic model in the deepest mantle while maintaining a similar global fit to the seismic data (Fig. 5) . This difficulty reflects the fact that ∼80% of the seismic residual traveltime signals are attributed to the highly heterogeneous near-surface layers in the upper mantle. The relatively weaker control on the amplitude of heterogeneity in the deepest mantle reduces the effect of increased R LM ρ/s values thereby making discrimination more difficult than was the case for the upper mantle scaling. Fits to convection-related geodynamic observables. Geodynamic data fit tradeoffs with model complexity for heterogeneity models satisfying the seismic constraints to level of 93.2% variance reduction. Each curve corresponds to a suite of jointly-derived heterogeneity models assuming a specific thermal density-velocity scaling profile. The curves are grouped according to the upper mantle R ρ/s profile used (black = UM1.LM1-6; dark gray = UM2.LM1-6; light gray = UM3.LM1-6). Note that model complexity ratio C R = 1 corresponds to a model complexity level equivalent to the TX2008 seismic model (see text for definition). It is clear that upper mantle model UM1 is most capable of satisfying the combined data set. Note that all models fully satisfy the current constraints on excess CMB ellipticity (not shown).
Figure 5. Depth dependent seismic anomaly amplitudes. Root-meansquared (RMS) amplitude profiles for the pure seismic model (TX2008) and joint models considering seismic and geodynamic constraints simultaneously. Upper mantle amplitudes tend to reduce when geodynamic constraints are included in the inversion. Seismic amplitudes in the lower ∼1 000 km of the mantle vary significantly depending on the lower mantle R ρ/s applied. Joint inversion results in higher seismic amplitudes in the D layer relative to the pure seismically-derived model for each considered density-velocity scaling profile.
Although lower mantle heterogeneity accounts for only a fraction of the total geodynamic and seismic observations, a closer inspection of our results suggests that we are still able to differentiate amongst lower mantle scaling models. Fig. 6 is a detailed view of the tradeoff between geodynamic data match and model complexity for the cases UM1.LM1-6. It can be concluded from this figure that the plate motion and dynamic topography data fields are fit to very similar levels for each of the lower mantle scaling models and, therefore, provide insignificant discriminatory power. This result is not surprising given that these particular fields are most sensitive to upper mantle heterogeneity. However, significant variations of variance reduction to the gravity field are observed amongst the R LM ρ/s models owing to the relatively higher sensitivity of the gravity field to deep mantle heterogeneity (Figs 2 and 6). Our tests reveal that there is >10% range in the free-air gravity data fits for different scaling models when considering heterogeneity models with a level of complexity similar to the seismically-derived model (C R = 1). Fig. 6 shows that the high-amplitude R LM ρ/s models (LM4-6) consistently provide higher degrees of fit to the global free-air gravity field whereas the lowest amplitude scaling model (LM1) yields the poorest fit.
The total variance reduction fit to the data sets is the primary measure we have chosen to discriminate amongst different mantle heterogeneity models. However, this measure does not give detailed information about fits to individual harmonic components (i.e. horizontal wavelengths) of the data fields provided by a given R LM ρ/s profile. We therefore calculated the degree-dependent cross correlation of the observed and predicted geodynamic data fields for heterogeneity models with equivalent complexity (C R = 1) (Fig. 7) . We find that the low degree components of the gravity field are best matched in all cases whereas harmonic components beyond degree 13 are poorly matched, most likely owing to the lower power of the high-degree components of the free-air gravity field (Lemoine et al. 1998) . It can also be observed that all of the harmonic components of the free-air gravity field are best correlated when the high-amplitude scaling models (LM4-6) are assumed. Therefore, the level of data fit (variance reduction) is not merely reflecting the Figure 6 . Geodynamic data fits and lower mantle scaling. Geodynamic data fits as a function of density model complexity for each of the lower mantle density-velocity scaling profiles assumed in the joint inversion process (LM1-6). The same upper mantle scaling profile (UM1) was assumed in all cases and each model satisfies the seismic data equally well (93.2%). The higher amplitude scaling models (LM4-6) reconcile the combined data set better than the lower amplitude cases (LM1-3). Figure 7 . Data correlations. Cross correlation of the observed and predicted geodynamic harmonic components for equally complex jointly-derived heterogeneity models (C R = 1). All harmonic components of the free-air gravity and tectonic plate divergence fields are best correlated when assuming the high amplitude scaling models (LM4-6).
ability to match the low-degree harmonic components of the gravity field. Based on these observations, we conclude that the higher amplitude R LM ρ/s scaling profiles (LM4-6) are preferred over the lower amplitude models (LM1-3) .
In a pyrolitic mantle, mineral physical properties are expected to change abruptly across the boundary between upper and lower mantle (at ∼660 km depth) due to the formation of the high-pressure phases Mg-perovskite and magnesiowüstite (Ito & Takahasi 1989; Vacher et al. 1998 ). These phase changes should result in a sharp increase of the relative heterogeneity ratio R ρ/s as demonstrated in Cammarano et al. (2003) . This expected behaviour for a pyrolitic composition is consistent with our observation that the high-amplitude lower mantle scaling models are most compatible with the combined data set. Therefore, an additional argument is made for selecting models LM4-6 since models LM1-3 would not produce this required jump at the upper/lower mantle boundary (see Fig. 3 ). However, it is difficult to discriminate within the subset of high-amplitude scaling models (LM4-6) since there is no clear preference in terms of fit to the employed geodynamic observations.
Since the absolute highest amplitude R LM ρ/s models (LM5-6) provide no significant improvement to the geodynamic data fits relative to LM4, we selected LM4 as our preferred 1-D lower mantle thermal scaling profile. Therefore, our preferred combined 1-D thermal scaling profile is UM1.LM4 (Fig. 8) and will be referred to as R ambient ρ/s in following sections. The data fits obtained using this preferred scaling model are summarised in Table 2 . Our preferred R LM ρ/s model is ≈0.2 on average throughout the lower mantle. Some recent studies using the geoid and other constraints have yielded scaling profiles that are higher amplitude than our preferred model (>0.3 in some cases) (Steinberger & Calderwood 2006; Steinberger & Holme 2008) . Alternatively, other studies considering geodynamic Figure 8 . Inferred optimal thermal scaling between seismic and density perturbations. Best combined ambient thermal scaling profile (black) and corrected profiles for selected velocity perturbation levels. The corrected scaling factors within the cratonic roots are dramatically lower amplitude than the ambient profile and are negative in the extremely fast shallow mantle portions of the cratonic roots (solid grey lines). This results in overall nearneutral buoyancy of the cratonic roots. The determined correction factors for the non-linear behaviour of the thermal scaling relationship result in slightly reduced density-velocity scaling in slow zones and vice versa (dashed grey lines).
and seismic constraints yield values lower in amplitude (<0.15) than the current study (Perry et al. 2003; Simmons et al. 2006) . Each of the results are possible given the uncertainty of the thermal scaling values reported in mineral physics studies (e.g. Karato & Karki 2001; Li & Liebermann 2007) .
Simple velocity-to-density scaling of a mantle model derived solely from seismic constraints does not provide a satisfactory reconciliation of the geodynamic constraints, as discussed in our previous studies (Simmons et al. 2006 . However, amplitude modulations and minor spatial shifts of the seismic anomalies determined via simultaneous inversions yield a substantially improved match to the geodynamic observations. To further illustrate this point, we converted the seismically-inferred TX2008 velocity model to a density field using UM1.LM1 (the lowest amplitude density case) and calculated the fit to the geodynamic data. We also compared these fit levels to the fits obtained after joint inversion with the same scaling model. The fits obtained were 1% (60%), 48% (95%), −44% (−16%) for gravity, plate motions and dynamic topography, respectively (values in parentheses are after joint inversion). The CMB excess ellipticity was 444 m(400 m) in this case. It is clear that we can fit geodynamic observations to much higher levels after joint inversion.
The same test was carried out assuming scaling model UM1.LM4 (our preferred model). The fits obtained were −46% (71%), 32% (96%), −80% (−9%) for gravity, plate motions and dynamic topography, respectively (values in parentheses are after joint inversion). The CMB excess ellipticity was 1 300 m(400 m) in this case. See Table 2 for a summary of these results. Note that an even more dramatic improvement in the level of fit is obtained using the preferred scaling model. If we were to select the optimum scaling profile based upon a purely seismically-derived model (pre-inversion) we would have selected model UM1.LM1. However, after joint inversion, model UM1.LM4 is significantly better since the fit to the global free-air gravity field is greatly improved (71% compared to 59% fit). These results reinforce our contention that we should not simply scale a purely seismically-derived model to evaluate the resulting density field from the perspective of the geodynamic observations. Rather, a complete simultaneous inversion of both seismic and geodynamic data is necessary to relate seismic velocity to density perturbations.
S H A L L O W M A N T L E S C A L I N G C O R R E C T I O N S
It was shown in the previous section that the shear wave constraints, free-air gravity field, plate motions and CMB ellipticity can be adequately modelled with a simple 1-D density-velocity scaling relationship through simultaneous inversion (Table 2) . However, the surface dynamic topography is poorly matched when assuming the simple radially-symmetric R ambient ρ/s model. The problem of reconciling Earth's gravity field and the observed surface topography has been recognised for quite some time (e.g. Forte et al. 1993; Le Stunff & Ricard 1995) . In some instances, this fact has led to the conclusion that there must exist a boundary to flow in the mantle (e.g. Thoraval et al. 1995; Forte & Woodward 1997; Le Stunff & Ricard 1997; Wen & Anderson 1997) . However, it has been shown that a ubiquitous mantle flow boundary does not allow for improved reconciliation of the combined data set employed in this study (Simmons et al. 2006) . We have therefore assumed a dominantly whole-mantle style of convective flow and we must take a different approach to simultaneously account for Earth's gravity field and dynamic surface topography.
Dynamic surface topography is most sensitive to the density variations in the shallowest upper mantle (Fig. 2) where significant compositional heterogeneity as well as non-linear behaviour of the thermal density-velocity scaling are expected (Cammarano et al. 2003) . It has long been suggested that cratonic roots are nearly neutrallybuoyant (e.g. Jordan 1978 Jordan , 1981 , and hence a purely thermal treatment of their density-velocity conversion is not appropriate (Forte & Perry 2000) . Therefore, lower (sometimes negative) R ρ/s values are required within the cratonic roots to better match the dynamic surface topography without mis-matching the free-air gravity. This necessity clearly contradicts what is expected in purely thermallyvarying upper mantle material Simmons et al. 2007) . Additionally, the thermal R ρ/s values within the ambient (Forte & Perry 2000 ) (harmonic degrees = 1-16). d Excess ellipticity of the CMB is represented by a single zonal harmonic of degree = 2 and corresponds to 400 m of excess ellipticity . e Complexity (i.e. roughness) is represented by the density model complexity ratio C R (see text). f Best 1-D density-velocity scaling model before joint inversion for shear velocity and density is performed. g Our preferred 1-D density-velocity scaling model. h Includes velocity-dependent corrections for ambient and cratonic upper mantle (see text).
(non-cratonic) upper mantle are expected to decrease significantly in high-temperature regions and increase in low-temperature regions (Cammarano et al. 2003) . Thus, a portion of the dynamic topography misfit is likely due to complex thermal effects yet to be considered. The temperature-dependent effect results in different thermal density anomaly magnitudes in hot and cold zones even if the velocity anomalies are equal in magnitude (but opposite in sign). The temperature dependence and compositional adjustments to the ambient R ρ/s can be estimated by correcting the scaling factors on the basis of background velocity structure within the ambient upper mantle and cratonic regimes:
where the derivative ∂(R ρ/s )/∂(lnV S ) adjusts the background R ρ/s model according to the underlying velocity model obtained by joint inversion (δlnV S ) assuming the radially-symmetric R ambient ρ/s profile. To find the most suitable correction derivatives, we initially defined 3 independent mantle regimes:
(1) cratonic roots (0-250 km). We defined the cratonic roots by first identifying the surface locations of Archean/Proterozoic shields defined in the CRUST5.1 model (Mooney et al. 1998) . Since the surface locations of the shields do not necessarily locate the cratonic roots at depth, we delineated the root structures (down to 250 km) according to the jointlyderived velocity model obtained using the 1-D R ambient ρ/s profile. Fast zones beneath the known shield structures were then defined as cratonic. All mantle regions falling outside of the determined cratonic root structures were then considered ambient (thermally dominated) mantle. We then tested all reasonable values for the three independent correction derivatives (1 per defined mantle regime) via grid search. A single test involved: (1) selecting a set of three correction derivatives; (2) calculating a new scaling model based on R ambient ρ/s and the corrections giving R corrected ρ/s ; (3) re-performing the joint inversion with the updated scaling model; and (4) calculating the fit to the geodynamic observations. The set of correction derivatives that most improved the level of data fit were then selected. It is worth noting that the process described above is effectively non-linear in that the R ρ/s values become a function of the velocity structure to be modelled. This would suggest that a repeat of the process of updating the scaling model and re-performing the inversion would be necessary. However, we found that although the output density model changed dramatically (especially in the cratonic roots), the resulting velocity structure did not change appreciably from the 1-D scaling case. Therefore, no subsequent update to R ρ/s was performed during the grid search. The obtained correction factors are listed in Table 3 and the adjustments to the ambient 1-D scaling model are illustrated in Fig. 8 for some selected velocity perturbations. The final joint shear wave velocity model is compared to the seismically-derived model (TX2008) in Fig. 1 .
Within the cratonic roots, the optimal ∂(R ρ/s )/∂(lnV S ) is highly negative (−3.5) that results in overall negative scaling factors in cratonic regions with very high shear wave velocities (greater than ∼4% velocity increase in the upper 100 km). In the non-cratonic (presumably thermally-controlled) upper mantle, the ∂(R ρ/s )/∂(lnV S ) values were found to be positive and relatively small (+0.9 in upper 250 km, +0.7 in the deep upper mantle) compared to the cratonic correction (Table 3) . These positive values result in a decrease of R ρ/s in low-velocity zones and an increase in high-velocity zones. This behaviour is generally consistent with the expected behaviour of R ρ/s due to the temperature dependence of Q S within the upper mantle (Cammarano et al. 2003) . Integrating the corrected density-velocity scaling (R corrected ρ/s ) into the joint inversion process produces a mantle heterogeneity model that fits the estimated dynamic topography to much higher levels than was possible with the simple 1-D scaling model (R ambient ρ/s ) whereas preserving a high level of fit to the gravity field ( Table 2 ). The improvement in fit to the dynamic surface topography (∼50%) substantially exceeds that obtained in our previous treatment where velocity dependence of R ρ/s within the cratonic roots was observed, but not directly applied . Even though these corrections provide a substantial improvement in fit to the dynamic surface topography, these constraints are still relatively poorly matched in a variance reduction sense. This is likely owing to several factors including the uncertainty of the crustal model used to derive the dynamic topography and the strong compositional variations near the surface of the Earth (where dynamic topography is most sensitive). The following sections within this paper describe our attempt to deal with the latter issue.
T H E R M A L M A N T L E D E N S I T Y
As noted in the previous section, R corrected ρ/s represents the scaling relationship including first-order derivative corrections for thermal effects as well as the compositional buoyancy of the cratonic roots. Incorporating the estimated thermal corrections throughout the upper mantle and ignoring the compositional effects of the cratonic roots, we can define a purely thermal density-velocity relationship for the entire mantle:
where
thermal are the upper mantle thermal correction derivatives (Table 3) , and δlnV S is the jointly-derived velocity model generated assuming R ) and the jointly-derived shear wave velocity model (δlnV S ), we can estimate the thermally-induced density perturbations in the mantle using the relationship:
In addition, we can approximate the lateral temperature variations required to generate the derived thermal density anomalies using the standard relationship:
where α(r ) is the depth-dependent coefficient of thermal expansion. For the temperature estimates, we assumed α = 3 × 10 −5 K −1 in the surface layer linearly decreasing to α = 2.5 × 10 −5 K −1 at the base of the upper mantle. For the lower mantle, we used the reported high-pressure estimates for α(r ) from Chopelas & Boehler (1992) .
Figs 9-11 display our thermal density model and corresponding temperature variations for selected depths. Note that the patterns of heterogeneity are, in most regions, similar to those obtained using the seismic data alone (Fig. 1) . All major velocity anomalies are preserved after joint inversion but amplitude adjustments within the structures defined by the seismic data are common. Previous joint inversions of the same data sets employing a less sophisticated methodology yielded comparable results (Simmons et al. 2006) . In terms of density heterogeneity, it is observed that lowvelocity zones near the surface (typically corresponding to spreading centres) translate to smaller-amplitude density anomalies relative to the high-velocity zones (typically corresponding to cratonic roots) which are translated to higher-amplitude density anomalies (Fig. 9a) . This asymmetry in the amplitude of the thermally generated density anomalies is directly demonstrating the temperaturedependent behaviour of R ρ/s where the ratio is decreased in lowvelocity (high-temperature) zones and increased in high-velocity (low-temperature) zones. We therefore find that cratonic root structures are ∼400-500
• colder than average mantle while spreading centres are less than ∼200
• hotter than ambient mantle in the 100-175 km depth range.
We also note that thermal density anomalies at the base of the upper mantle are symmetric in that the high densities associated with the subducted slab structures along the western Pacific Rim are not higher in absolute amplitude than the low-velocity structures in the same depth range (525-650 km, Fig. 9b ). We might have anticipated an asymmetric density heterogeneity distribution, similar to that in the shallow mantle, since the seismically-derived model (TX2008) clearly indicates that the slab features are higher amplitude than most anomalies (Fig. 1) . Moreover, if we simply scaled TX2008 by the R thermal ρ/s , we would find an even more skewed density heterogeneity distribution since the temperature dependence effect would require higher heterogeneity ratios in faster zones (and vice versa) . The most likely cause of this result is the high degree of seismic sampling in fast regions relative to the slow regions acting to illuminate the slabs more effectively. Therefore, the geodynamic data appear to be filling in these seismic voids by placing stronger constraints on seismically under-sampled zones of reduced shear velocity.
Heterogeneities in the mid-mantle, as determined by joint inversion, are very similar in character to the seismically-inferred velocity with few regions showing marked changes (Fig. 10) . In the deeper mantle regions, we begin to see more variations of relative amplitude as well as visible changes in model character (Fig. 11) . Specifically, we see clearly visible pattern changes deep beneath much of the Pacific Ocean where our seismic control is very limited. Additionally, significant amplitude adjustments are observed within the superplume structures beneath the central Pacific and Africa. The low velocities within the central portion of the African superplume structure (directly beneath South Africa) are most notably lower relative amplitude as a result of joint inversion. It turns out that the density field of this feature can not be fully modelled as purely thermal which may have considerable dynamic consequences (Gurnis et al. 2000; Ni et al. 2002; Simmons et al. 2007; Forte et al. 2009 ). 
N O N -T H E R M A L M A N T L E D E N S I T Y
Up to this point, all joint modeling of seismic and geodynamic data has been performed by first assuming some simple relationship between density and velocity perturbations based on what is known from mineral physics. The general philosophy has been to regulate the solutions such that they fit within the underlying conceptual framework of a mostly thermally-evolving mantle. It is evident that we can satisfy the degree-16 geodynamic observations and shear wave data to fairly reasonable levels assuming that all mantle heterogeneity outside of the cratonic roots are generated by lateral variations in temperature (Table 2) . However, there are still substantial misfits to the employed geodynamic constraints, implying that the thermal hypothesis (combined with simple corrections for the cratons) is not completely satisfactory. Some of the likely sources of misfit to the geodynamic constraints are: (1) additional compositional heterogeneity in the cratonic roots not modelled by the velocity-based corrections; (2) lateral variations of composition in the rest of the mantle; (3) partial melting; and (4) a more complex behaviour of the thermal R ρ/s profile especially in the shallow upper mantle. None of these potential complications are directly considered in the previous model development and additional steps are therefore required to address these possibilities.
In the context of our generalised modeling approach, we can account for 'non-thermal' heterogeneity by solving for a fully 3-D R ρ/s relationship that translates seismic velocity to density and thereby allows all possible sources including thermal and compositional contributions. A fully three-dimensional (3-D) densityvelocity scaling relationship, R 3D ρ/s , can be established by solving the following general linear system:
where m joint is the shear wave slowness perturbation model obtained by joint inversion assuming the R corrected ρ/s density-velocity relationship. This linear system is similar to the system described in eq. (1). However, rather than solving for a seismic model, we solve for a density-velocity scaling field while assuming a fixed seismic model. The process is akin to the 2nd step of an iterative non-linear inversion where both the scaling relationship and seismic models are unknown. The fundamental difference is that we accept the seismic model obtained by the thermal+cratonic joint inversion process as the final shear wave velocity model.
We solved the linear system described in eq. (8) using the LSQR technique with the R corrected ρ/s relationship acting as a starting solution. The regularization weight was selected by a trial-and-error approach such that the outcome density model was equally complex as the starting density model (C R ≈ 1). In other words, the goal was to find a scaling model that diverged as little as possible from the R corrected ρ/s profile while preserving an equivalent level of density model complexity. The resulting R 3D model distribution is illustrated in Fig. 12 as a function of depth. In the shallow mantle, the spread of the modelled R 3D values is relatively large and the values are typically lower than the ambient 1-D relationship. This Figure 10 . Thermochemical heterogeneity in the mid-mantle. Thermal, non-thermal and total density fields at 1 000-1 150 km depth (left column) and 1 300-1 450 km depth (right column).
result is not surprising since the ratios are expected to decrease in high-temperature zones (due to a reduction of seismic Q S ) and also to decrease within the cratonic roots due to significant compositional buoyancy. Within the upper mantle transition zone, the range of values are more confined but the central peaks of the distributions do not correspond directly to the ambient relationship (Fig. 12) . The cause of this is uncertain but could potentially be reflecting a bulk variation of chemistry (relative to pyrolite) within the transition zone or the inherent uncertainties in the mineral physics parameters for the high-pressure phases. In the lower mantle, the modelled R 3D values are typically tightly distributed about the ambient relationship. Note that there are no observed negative values in the lower mantle (density and velocity are positively correlated throughout). Although the scaling distributions give some indication about the level of compositional influence, they do not give a clear indication of the resulting variation in densities relative to the thermal density modelling. To understand the impact of these variations of R ρ/s , we first calculated the total density perturbation field:
It should be clear from eq. (9) that a departure of R 3D ρ/s from the thermal density-velocity conversion (R thermal ρ/s ) represents effects not directly modelled using the corrected, mineral-physics-based inference of thermal scaling. We therefore attribute these deviations as due to non-thermal contributions that may chiefly be a product of lateral variations in mantle composition and, in some regions, to the effects of partial melting.
We can infer the density contributions from 'non-thermal' sources (including variability of mantle composition) through removal of the thermally-induced densities from the total density perturbation field, as follows:
A linear superposition of the thermal and non-thermal density fields allows for nearly complete reconciliation of the geodynamic observations (Table 2 ). Since the underlying seismic velocity model was fixed in these inversions, we ensure that the shear wave traveltime data are also well matched. Selected depths of the calculated residual density field model are displayed in Figs 9-11. The most notable residual densities observed in the shallow mantle (0-250 km) are the negative density signatures associated with the roots of the continental cratons (Fig. 9c) . These negative residual densities strongly oppose the thermal densities and effectively diminish the negative buoyancy produced by the low temperatures that characterise the cratonic roots (compare with Fig. 9a ). This result is consistent with earlier studies of the sub-continental lithosphere where the continental cratons are dynamically stabilised by compositional effects (Jordan 1978 (Jordan , 1981 . The depth extent of the cratonic mass depletion varies from region to region, but often extends below ∼200 km depth and this appears to be consistent with mantle xenolith studies (e.g. Boyd et al. 1985; Pearson 1999; Irvine et al. 2001; O'Reilly et al. 2001; Spetsius et al. 2002) . Within the shallow oceanic mantle, a secondary residual density anomaly is found beneath the eastern Pacific Ocean extending from Antarctica to Alaska. The reduction of the density-velocity scaling factor within this structure is possibly a product of higher order complex behaviour of the R ρ/s relationship which is not directly accounted for by R thermal ρ/s and may be due to the effects of partial melting. Relatively minor residual densities are found in the base of the upper mantle (Fig. 9d) as well as the upper portion of the lower mantle (down to ∼1 000 km depth). However, a positive residual density is observed beneath the East African Rift zone that persists over a large depth range (Figs 10c and d ). An interpretation of the the origin of this particular anomaly is not straightforward, since it is unclear if partial melting could occur at these great depths or whether this feature is connected to the deeper mantle structures beneath the African continent.
In the middle of the lower mantle, we find few zones with residual density anomalies comparable in magnitude to the estimated thermal density field. However, we do detect a significant highdensity (positive) residual component beneath the southern tip of the African continent that extends from the base of the mantle well into the mid-mantle (Figs 10-11, 13 ). This density signature corresponds to the location of the well-known African 'superplume' structure. A multitude of studies have provided substantial evidence that this feature may be compositionally-distinct from the surrounding mantle and has therefore been regarded as a largescale thermochemical plume (e.g. Ritsema et al. 1998 Ritsema et al. , 1999 Ishii & Tromp 1999; Masters et al. 2000; Ni et al. 2002 Ni et al. , 2005 Ni & Helmberger 2003a,b; Simmons et al. 2007) . Our results indicate that the high-density compositional component acts to decrease the overall buoyancy of the superplume structure which has significant dynamic consequences (Gurnis et al. 2000; Ni et al. 2002; Simmons et al. 2007; Forte et al. 2009 ). Despite the significant dynamical impact of the compositional component, we nonetheless find that the thermal contributions to the structure of this superplume are dominant and hence yield an overall positive buoyancy that actively drives its upward ascent and thereby accounts for the uplift of southern Africa (Gurnis et al. 2000; Forte & Mitrovica 2001) . More detailed images and further discussion of the chemical signatures of the African superplume structure may be found in Simmons et al. (2007) .
In the bottom layer of our mantle model (corresponding to the seismic D region), we find more intense and complex compositional density signatures than found within the shallower midmantle depths (Fig. 13d) . Specifically, we find multiple compositional signatures within the low-velocity zones containing suspected superplume structures. The central portions of the African and Pacific anomalies are found to have high-density compositional signatures while much of the remaining low-velocity material has an opposite signature (low compositional density). In particular, a large elongated structure extending from the southern tip of the African continent into the Indian Ocean has positive compositional buoyancy as well as positive thermal buoyancy. Therefore, the compositional component acts to increase the total buoyancy of this flanking structure thereby producing a 'super-buoyancy'. Other studies have concluded that this region has a special compositional signature (Wen 2001) in line with our conclusions. Similar to the set of features observed beneath South Africa, we find a high-density signature within the central domain of the Pacific superplume structure opposing the thermal buoyancy. The amplitudes are smaller than those beneath Africa likely owing to the relatively limited seismic information deep beneath the central Pacific Ocean. We also detect an opposite (low-density) compositional signature surrounding the central portion of the Pacific superplume. Similar to the super-buoyant Indian Ocean structure, we find an elongated, compositional low-density structure below the East Pacific Rise that extends westward in a ridge-like fashion toward the high compositional density zone. This peculiar combination of features beneath the Pacific Ocean is analogous to the structures observed beneath the African plate and Indian Ocean suggesting that these sets of anomalous features have a similar origin.
Using a variety of data and arguments, some recent studies have concluded that the lower ∼1 000 km of the mantle possesses a significant degree of compositional heterogeneity (e.g. van der Hilst & Kárason 1999; Ishii & Tromp 1999 Masters et al. 2000; Trampert et al. 2004) . Some of these studies suggested that the compositional heterogeneity may outweigh the thermal signature of the lower-mantle structures yielding either a null correlation or anticorrelation of seismic velocity to density. Our joint inversions instead indicate that multiple geodynamic observations, in particular the excess ellipticity of the CMB, can be matched to high levels assuming a positive correlation of density and velocity. This implies that lateral variations in temperature are the principal source of mantle shear wave and density heterogeneity outside of the cratonic roots. Although the temperature variations appear to be dominant, we nonetheless find that substantial compositional heterogeneity in the lower mantle is required to completely satisfy the geodynamic observations (Fig. 14) .
It is apparent that joint inversions of seismic and geodynamic data effectively reorganise the mantle shear wave velocity and density heterogeneity to be more consistent with thermal variations and thereby reduce the requirement for compositional signatures. To examine this result further, we performed the density-velocity scaling inversion to find 3-D R ρ/s assuming that the starting seismic model (TX2008) represents the 'true' shear wave velocity structure. In other words, we did not allow for reorganization of seismic heterogeneity via joint inversions that include the geodynamic observations. Similar to the previous calculations, the total density field was then determined as follows:
Utilising the pre-determined thermal scaling relationship developed in this study, R thermal ρ/s , the thermal and non-thermal components can be separated as in the previous calculations. The RMS profiles of these density components are plotted in Fig. 14 for comparison. It is evident that if we assume that the purely seismically-derived velocity model can be directly mapped into thermal density variations, a significant compositional component is required in the lower ∼1 000 km of the mantle to satisfy the geodynamic observations. Moreover, the compositional effects dominate the density signal in the two lowest layers of our model space (>2 500 km depth) in this case. The calculated density fields within the D region are displayed in Fig. 13 for comparison. Without performing simultaneous inversion of seismic and geodynamic observations, the central portions of the superplume structures (African and Pacific) possess higher-than-average total density, implying an anticorrelation with seismic velocity in these regions. High densities in the basal portion of the superplumes is a product of the overestimation of the vertically integrated total buoyancy above the basal structures when a simple density conversion of model TX2008 is performed. In contrast, our joint modeling results show that reorganization of seismic structure via simultaneous inversion eliminates the requirement for dominating compositional effects in deepest mantle with the combined data sets. Although an accurate determination of the density anomalies in the lowermost portions of the superplume structures is difficult, this test has clearly shown the strong potential bias arising from the use of a pure seismically-derived model when interpreting mantle density.
C O N C L U S I O N S
We have investigated a range of possible density-velocity conversion (R ρ/s ) profiles taken from recent mineral physics studies that have focused on the effects of temperature on material properties in the upper mantle (Cammarano et al. 2003) and in the lower mantle (Karato & Karki 2001) . Through simultaneous inversion of seismic data and a diverse set of geodynamic constraints, we have established a radially-symmetric R ρ/s relationship that is most capable of simultaneously satisfying the seismic and geodynamic observations considered (Fig. 8) . In addition, we have found first-order velocity-dependent corrections to R ρ/s which partially account for the complex behaviour of the thermal R ρ/s relationship in the upper mantle and for the compositional effects of the Fe-depleted cratonic roots. This corrected R ρ/s relationship allows for a greatly improved reconciliation of the combined seismic-geodynamic data Figure 13 . Thermochemical heterogeneity in the D region. Thermal, compositional, and total density fields in the D region for two cases. Joint inversion with a thermal density-velocity relationship succeeded by inversion for a 3-D density-velocity relationship yields negative density (positive buoyancy) throughout the African and Pacific superplume structures (right column). However, if no joint inversion for shear wave velocity is performed, the central portions of the superplume structures become denser than the surrounding mantle suggesting an anticorrelation of seismic velocity and density (left column). Joint inversion for seismic velocity tends to reduce the low-velocity heterogeneity above D lessening the need for a dense feature at the base to counteract the buoyancy of the shallower anomalies. set implying that the dominant cause of mantle shear wave and density heterogeneity outside of the cratonic roots is lateral variations in temperature.
The reorganization of purely seismically-derived heterogeneity obtained via the simultaneous inversions, greatly decreases the requirement for compositional (i.e. non-thermal) components to explain the combined seismic-geodynamic data sets. The joint inversions effectively reduce the bias of the seismic data on the resulting heterogeneity model and allow for positive correlations of shear wave velocity and density throughout the non-cratonic mantle. We have demonstrated this effect by inverting for a 3-D scaling relationship using our seismically-derived model (TX2008) as the established velocity model. This method results in features that are negatively correlated (low-velocity = high-density) including the central portions of the African and Pacific superplume structures, similar to findings of previous studies (e.g. Ishii & Tromp 2004; Steinberger & Holme 2008) . Moreover, we find that the compositional influence on density heterogeneity is significant throughout the lower ∼1 000 km of the mantle (Fig. 14) and dominates in the very deepest mantle when a joint inversion for shear velocity is not initially performed.
If, instead, we use a seismic velocity model derived from joint seismic-geodynamic constraints and then solve for a residual (nonthermal) density field, the overall buoyancy of the superplumes remains positive throughout (correlated velocity and density). As a result, we estimate that the excess temperature variations within the superplume structures systematically increases with depth from >200 K at ∼1 800 km depth (Fig. 11) to >400 K in the deepest mantle (Fig. 13 ). This result is in general agreement with the expected temperature variations in deep mantle plumes when nonadiabaticity of the mantle geotherm and core heat flux are considered (Bunge et al. 2001; Bunge 2005) . The systematic increase with depth of inferred plume temperatures, due to a sub-adiabatic lowermantle geotherm, has also been found in 3-D spherical convection simulations with coupled surface tectonic plates (see Figs 5 and 7 in Quéré & Forte 2006) . Furthermore, compositional influence plays a secondary role throughout the entire non-cratonic mantle in this case. Therefore, scaling a purely seismically-derived velocity model to obtain density heterogeneity in the mantle leads to overestimates of the required compositional influence to the overall density field to explain the geodynamic constraints. The most objective way to evaluate the impact of compositional variations on mantle heterogeneity and dynamics is through the simultaneous inversion of seismic and geodynamic constraints to remove likely biases contained within purely seismically-derived heterogeneity models.
Our modeling procedure inherently leads to a minimization of compositional effects by employing proposed thermal mineral physics scaling relations in the non-cratonic mantle at the outset. We must therefore consider the possibility that compositional or non-thermal contributions to mantle heterogeneity may be greater Figure 14 . Relative contributions of thermal and non-thermal effects to the mantle density field. Joint inversion of seismic and geodynamic constraints assuming that all heterogeneity is thermally-induced followed by 3-D density-velocity scaling inversion yields thermal densities larger than the residual contributions throughout the lower mantle (right column). The alternative case (left column) assumes that the seismic model represents thermal effects (convert TX2008 with UM1.LM4 density-velocity relationship and invert for a 3-D scaling model). In this case, compositional contributions become very strong in the lower ∼1 000 km of the mantle and perhaps dominate the density field below ∼2 500 km depth. This result shows that joint inversion removes bias in the model produced solely with our seismic constraints allowing for a positive correlation of seismic velocity and density perturbations throughout the mantle (the thermal hypothesis). The 'true' compositional contribution is likely between these two extremes, but it is not necessary to have null correlations or anticorrelations of shear wave velocity and density in the deepest mantle to find heterogeneity models consistent with our seismic and geodynamic inferences.
than what we have inferred. To evaluate the likelihood of this possibility we note again that the amplitude of the lower-mantle temperature anomalies we derive from the purely thermal component of our inferred mantle heterogeneity is in good accord with recent 3-D spherical convection simulations (e.g. Bunge 2005; Quéré & Forte 2006) . This purely thermal heterogeneity explains a large fraction of the geodynamic surface data (Table 2) , where the latter are sensitive to the total (i.e. thermal + non-thermal) density heterogeneity in the mantle. To the extent that the independent convection simulations provide a reasonable reference value for the amplitude of lowermantle temperature anomalies, we may then argue that the estimated amplitude of the non-thermal contributions we infer is plausible.
Tomographic studies including constraints with direct sensitivity to the density field have found models with more significant compositional influence especially in the deepest mantle (Ishii & Tromp 1999 Trampert et al. 2004) . However, these studies are restricted to long-wavelength density fields since they rely upon normal modes. Our 'minimum composition' modelling approach does not result in anticorrelated shear wave and densities in the deep mantle. Nonetheless, we note that our investigation does not exclude the possibility that other classes of mantle models with higher degrees of compositional influence are possible since we have, by design, forced our solution to infer the minimum level of non-thermal heterogeneity that can reconcile all seismic, geodynamic and mineral physical constraints that we have employed.
We have assumed one particular radially-symmetric mantle viscosity profile derived from joint inversions of convection and glacial isostatic adjustment (GIA) data (Mitrovica & Forte 2004) . It is difficult to evaluate the precise impact of selecting other mantle viscosity distributions (that may also include lateral viscosity variations) without conducting a full series of new joint inversions employing the methodology we presented in this study. Given the non-unique constraints on mantle viscosity provided by the geodynamic data, there is a large range of viscosity models that may satisfy the same data and this range has been approximately mapped out by Mitrovica & Forte (2004) . It is important to note that each viscosity model in this family of possible models that are compatible with the geodynamic constraints, yields very similar viscous response functions (i.e. geodynamic matrices G in eq. 1). The impact of global-scale lateral viscosity variations has recently been studied by Moucha et al. (2007) and they found that the predicted geodynamic response of the mantle is perturbed by relatively minor amounts. We may thus anticipate that there will be some tradeoffs between the 3-D velocity-density scaling we inferred in this study and the assumed mantle viscosity distribution. We anticipate carrying out future studies of the impact of different mantle viscosity distributions, in particular 3-D variations, on the joint seismic-geodynamic inversions to explore whether higher levels of compositional heterogeneity are required by the data sets we have considered here.
It is important to also note that the proposed anelastic effects described in Karato & Karki (2001) and adopted in this work tend to significantly decrease R ρ/s values with depth relative to pure anharmonic effects. The actual extent of anelastic contributions to the temperature derivatives in the deep mantle may be exaggerated in the treatment of Karato & Karki (2001) according to some recent studies (Brodholt et al. 2007; Matas & Bukowinski 2007) . It is impossible to ascertain from the current tests whether reducing the effects of attenuation in the deep mantle would generate compositional density anomalies larger than thermally-induced anomalies as determined through a joint inversion process. Although the detailed effects of anelasticity and 3-D viscosity variations are not directly evaluated in this study, it does not diminish our conclusion that fully-constrained simultaneous inversions of seismic and geodynamic data are required to objectively evaluate the relative importance of thermal and compositional heterogeneity in the mantle.
Finally we wish to emphasise that although we find seemingly minor compositional density anomalies that are perhaps underestimated, this does not imply that these anomalies are insignificant to the dynamics and evolution of the mantle. Indeed, we have recently pointed out the dynamical importance of compositional heterogeneity in detailed studies of the African superplume structures ) and their impact on mantle dynamics below the African plate (Forte et al. 2009 ). Future joint seismicgeodynamic inversions including additional data types and full evaluation of the impact of anelasticity and the assumed viscosity structure is the next logical step in generating a fully-integrated model of Earth's mantle.
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